Abstract A simple family of models of a bacterial population in a time varying environment in which cells can transit between dormant and active states is constructed. It consists of a linear system of ordinary differential equations for active and dormant cells with time-dependent coefficients reflecting an environment which may be periodic or random, with alternate periods of low and high resource levels. The focus is on computing/estimating the dominant Lyapunov exponent, the fitness, and determining its dependence on various parameters and the two strategies-responsive and stochastic-by which organisms switch between dormant and active states. A responsive switcher responds to good and bad times by making timely and appropriate transitions while a stochastic switcher switches continuously without regard to the environmental state. The fitness of a responsive switcher is examined and compared with fitness of a stochastic switcher, and with the fitness of a dormancy-incapable organism. Analytical methods show that both switching strategists have higher fitness than a dormancy-incapable organism when good times are rare and that responsive switcher has higher fitness than stochastic switcher when good times are either rare or common. Numerical calculations show that stochastic switcher can be most fit when good times are neither too rare or too common.
Introduction
The ability of certain bacterial cells to reversibly enter a dormant (quiescent, nonviable, persister) state has important implications for their survival particularly in environments involving stress in the form of extreme temperatures, water scarcity, nutrient scarcity, or the presence of antibiotics (Kaprelyants et al., 1993) . Dormancy refers to a reversible state, which may persist for extended periods, in which cells exhibit low levels of metabolic activity and do not divide. They also are more tolerant of environmental stresses than active cells. The review articles by Kaprelyants et al. (1993) , Kell et al. (1998) are particularly useful. They note that "the mechanism(s) of the transition of active cells into dormant cells are as yet little understood" and cite internal factors such as DNA damage, or loss of components such as ribosomes or transcription factors that may play a role as may external factors such as key resources falling below a critical threshold.
Bacterial dormancy plays a significant role in disease and human health in two ways. First, dormant pathogens may produce latent infections when activated (e.g., TB and cystic fibrosis) and second, dormant bacteria do not respond to many antimicrobial agents because these agents are typically only effective against growing cells. This resistance to antibiotics by a small subset of a bacterial population has long been observed. Balaban et al. (2004) observe that this resistance does not have a genetic origin because these "persister" cells, as the resistant cells are termed, can later regrow an antibiotic-sensitive population of "normal" cells.
There is a developing modeling literature seeking to understand when dormancy is a favorable strategy. Much of it, like our own earlier work (Malik and Smith, 2006) , see also the references therein, is set in a time-homogeneous environment where dormancy would not be expected to be a competitive strategy. However, there is a growing body of work in which the environment is assumed to be time varying. Bär et al. (2002) Kussell et al. (2005) extend the model of Balaban by including periodic antibiotic treatment. They focus on the fitness of the population determined by the dominant Lyapunov exponent. They also use numerical simulations to explore random environments. This work is extended and generalized to multiple bacterial strategies in a random environment which jumps between the finite set of environmental states in a beautiful paper by Kussell and Leibler (2005) . They distinguish between two different bacterial strategies: stochastic and responsive. In the former, bacteria transit between different strategies at rates that are independent of the environmental state; in the latter, bacteria sense the environmental state and respond by switching to the optimal strategy for that environment at a constant rate. They compare the fitness of different strategists assuming that the duration of the environmental states is long enough that an equilibrium value of the state vector is attained before switching to a new environment. They also consider optimal transit rates.
Our focus in this work, building on our earlier results (Malik and Smith, 2006) as well as on the work of Kussell and Leibler (2005) , is on quiescence as a response to starvation but the mathematics is the same as for persister cells in response to antibiotic stress. The questions we seek to answer include: When is the capability of dormancy advantageous for an organism? Under what circumstances does it raise fitness? Which strategies for transiting between dormant and active states are favored?
